Abstract-Although the variability of cardiovascular disease mortality by geography, race, and sex is well known, less is known about risk factor variation. We assessed 20-year incidence of hypertension, a cardiovascular disease risk factor, across 4 US urban areas and by race-sex. CVD mortality, including stroke and heart disease, tends to be higher and to have declined more slowly in the southeastern United States. 1,2 It is higher in blacks compared with whites and in men compared with women. 1,2 Although gender disparities have narrowed significantly, racial disparities have worsened, with smaller declines among blacks. 1,2 Observational studies suggest that CVD risk factors and socioeconomic factors may largely explain racial disparities in CVD mortality 3,4 but have not established that CVD risk factors explain the geographic variations. [5] [6] [7] [8] Hypertension, a major risk factor for CVD, even in young adults, 9 may contribute to geographic variations in CVD mortality 10 and may account for 44% of the black-white disparity. 11 However, the US data that show geographic differences are more consistent for hypertension prevalence 6,7,12 and conflicting for hypertension incidence. 13, 14 Although previous longitudinal studies demonstrated that blacks have higher hypertension incidence than whites, 15-17 it is not known whether these racial differences persist as young adults approach middle age 17, 18 or whether US geographic variations in hypertension incidence differ across race-sex groups.
D espite a 65% decline in cardiovascular disease (CVD) mortality from 1968 to 2006, significant geographic and demographic disparities in CVD mortality persist in the United States and may be widening. 1,2 CVD mortality, including stroke and heart disease, tends to be higher and to have declined more slowly in the southeastern United States. 1, 2 It is higher in blacks compared with whites and in men compared with women. 1, 2 Although gender disparities have narrowed significantly, racial disparities have worsened, with smaller declines among blacks. 1, 2 Observational studies suggest that CVD risk factors and socioeconomic factors may largely explain racial disparities in CVD mortality 3, 4 but have not established that CVD risk factors explain the geographic variations. [5] [6] [7] [8] Hypertension, a major risk factor for CVD, even in young adults, 9 may contribute to geographic variations in CVD mortality 10 and may account for 44% of the black-white disparity. 11 However, the US data that show geographic differences are more consistent for hypertension prevalence 6, 7, 12 and conflicting for hypertension incidence. 13, 14 Although previous longitudinal studies demonstrated that blacks have higher hypertension incidence than whites, [15] [16] [17] it is not known whether these racial differences persist as young adults approach middle age 17, 18 or whether US geographic variations in hypertension incidence differ across race-sex groups.
Currently, little is known about the magnitude of geographic and demographic variations in hypertension incidence in the United States, how geographic and demographic variations in hypertension incidence change over time, and to what degree hypertension risk factors explain these geographic and demographic differences. Therefore, we exam-ined 20-year hypertension incidence in a longitudinal community-based multisite biracial cohort followed from early adulthood, exploring racial and geographic variability and whether risk factors for hypertension explain any observed variability. We hypothesized that 20-year hypertension incidence would be higher in the one site located in the southeastern United States (Birmingham) compared with the other sites and in black men compared with the other race-sex groups. Known hypertension risk factors would not explain observed site and race-sex differences in hypertension incidence.
Methods Study Design, Participants, and Measurements
In 1985 to 1986, the Coronary Artery Risk Development in Young Adults (CARDIA) study enrolled 5115 black and white men and women 18 to 30 years of age recruited by random-digit dialing in Birmingham, Chicago, and Minneapolis and by random selection from a healthcare plan in Oakland. At the Birmingham, Minneapolis, and Chicago sites, participants were randomly selected from total communities or from specific census tracts. Within each site, the sample was designed to comprise approximately equal numbers of participants by sex, self-defined race (black or white), age (18 to 24 years or 25 to 30 years), and education (Յhigh school or Ͼhigh school). The sampling plan and initial cohort characteristics were published previously. 19 Participants were contacted by telephone every year and examined in person 2, 5, 7, 10, 15, and 20 years after baseline. Although some examination content varied, key data elements remained constant over time. Re-examination rates for survivors were 91%, 86%, 81%, 79%, 74%, and 72% at the 6 examinations, respectively. Of 5115 CARDIA participants, we excluded 146 (2.9%) with hypertension at baseline, 1393 (27.2%) not attending the year-20 examination, 173 who died (3.4%), and 212 (4.1%) without Ն1 additional follow-up examination (other than year 20), leaving 3436 (67.2%) available for analysis. Some participants met several exclusion criteria. At year 20, follow-up was 68% in Minneapolis and 73% to 74% elsewhere and was 60% for black men, 70% for black women, 79% for white men, and 78% for white women (PϽ0.0001).
Participants presented fasting in the morning. Tobacco use, strenuous physical activity, and intake of caffeine, food, and alcohol were proscribed. Examinations included blood pressure (BP) and anthropometric measurements, phlebotomy, and structured questionnaires on sociodemographics, medical and family history, psychosocial characteristics, and nutrition, among others. Blood was drawn from an antecubital vein and, after serum separation, aliquots were stored at Ϫ70°C until shipped on dry ice to a central laboratory. The Young Adult Longitudinal Trends in Antioxidants (YALTA) study is ancillary to CARDIA and measured serum carotenoid concentrations in most CARDIA participants at years 0, 7, and 15. All data collection personnel were trained and certified using a standardized process. All examinations were approved by the institutional review boards at each institution. Each participant provided written informed consent.
BP Measurement and Hypertension Incidence
After a 5-minute rest, BP was measured in the right arm of seated participants at 3 1-minute intervals using an appropriately sized cuff and a specific protocol. 20 The BP of record was the average of the last 2 measurements. For years 0 through 15, systolic and diastolic BP were recorded at the onset of phase 1 and phase 5 of Korotkoff sounds using a random zero sphygmomanometer. For year 20, BP was measured using a standard automated BP measurement monitor (OmROn model HEM907XL; Omron) calibrated to random zero sphygmomanometer values based on dual readings in 903 participants. The recalibrated year-20 systolic BPϭ3.74ϩ0.96ϫthe observed Omron systolic BP; the recalibrated year-20 diastolic BPϭ1.30ϩ0.97ϫthe observed Omron diastolic BP. 21 BP was monitored by central examination of digit preference and retraining when necessary. 13 Hypertension was defined as systolic BP Ն140 mm Hg, diastolic BP Ն90 mm Hg, or self-reported use of antihypertensive medication. A participant was classified as hypertensive at year 20 if criteria were met at any examination. To assess the effect of the automated BP measurement at year 20, we repeated all analyses for 15-year hypertension incidence, and results were similar.
Covariates
Covariates included age, 17 race, sex, cigarette smoking (categorized as smoked never/in the past or currently), 17, 22 education (Ͻ12 years, 12 years, 13 to 15 years, or Ն16 years), 7, 22 and family history of hypertension. 17 Height and weight were measured without shoes or outer garments, and body mass index (BMI) was calculated 17, 22 and categorized as: normal (18.5 to 24.9 kg/m 2 ), overweight (25 to 29.9 kg/m 2 ), or obese (Ն30 kg/m 2 ). Heart rate was measured by palpating the radial artery before the first BP measurement. 22 Heavy alcohol use 22 was defined as Ͼ14 drinks weekly for men and Ͼ7 drinks weekly for women. Serum uric acid 22 (years 0, 10, 15, and 20) was measured by the uricase method, and hyperuricemia was defined as Ն7.0 mg/dL in men and Ն6.0 mg/dL in women. 23 Serum insulin 22 (U/mL; years 0, 7, 10, 15, and 20) was measured using a modified immunoassay technique (LINCO Research). 23 Leisure-time physical activity 24 during the preceding year was measured at each examination using an interviewer-administered and validated CARDIA physical activity history. 20 Diet was explored using circulating carotenoids, a dietary pattern score, and urine sodium/potassium ratio. Serum carotenoid concentrations were measured at years 0, 7, and 15 using a highperformance liquid chromatography assay (Molecular Epidemiology and Biomarker Research Laboratory, University of Minnesota), and 4 serum carotenoid concentrations (␣-carotene, ␤-carotene, lutein/ zeaxanthin, and cryptoxanthin) were summed. 21 Dietary intake was measured at years 0, 7, 15, and 20 using an interviewer-administered CARDIA diet history. 20 An a priori dietary pattern score was created by classifying 46 food groups as beneficial (nϭ20), adverse (nϭ13), or neutral (nϭ13) in terms of hypothesized health effects, following the principles of Lockheart et al. 25 Food groups considered beneficial or adverse with respect to health effects were categorized by increasing consumption level with scores of 0 to 4 (for food groups considered beneficial) or 4 to 0 (for food groups considered adverse). The a priori dietary pattern score was the sum of category scores, with a theoretical maximum of 132. Urine sodium and potassium concentrations were measured using up to 3 24-hour collections for a substudy (nϭ1100) in year 5, and the mean urine sodium/mean urine potassium ratio was calculated.
Data Analysis
Changes in characteristics from year 0 to year 20 and cumulative 20-year hypertension incidence were compared by site (Birmingham referent) or race-sex (black men referent) using logistic or linear regression or generalized estimating equations (PROC GENMOD) after adjusting for age and time as indicated.
Cox regression analyses examined the adjusted associations between 20-year cumulative hypertension incidence and the main independent variables, site, and race-sex group, overall and within race-sex group. Model A included age, and model B added baseline values of heart rate, BMI, cigarette smoking, family history of hypertension, education, uric acid, alcohol use, and physical activity. Model C added baseline systolic BP to model B. 17 Model D adjusted for the same variables in model B but treated heart rate, BMI, cigarette smoking, family history of hypertension, education, uric acid, alcohol use, and physical activity as time-dependent variables. Model E added baseline systolic BP to model D.
We examined the role of diet by adding the sum of 4 carotenoids or dietary pattern score to models B through E and allowing the variables to vary with time. We also developed models that included baseline diastolic BP (instead of or in addition to systolic BP) or log-transformed insulin (at baseline or time dependent). To examine whether the geographic or demographic variations in hypertension incidence were changing over time, we introduced time and a siteϫtime interaction term (in the overall cohort and within race-sex groups) or a race-sexϫtime interaction term into model E. Urine sodium/potassium ratio was added to models for eligible subjects without hypertension at year 5 (nϭ825).
Sensitivity Analyses
To assess for potential follow-up bias, we performed estimates of cumulative 20-year hypertension incidence and repeated the Cox regression analyses without requiring participants to attend the year-20 examination. To assess effects of nonresponse bias, we took a response propensity approach using the probability of inclusion (attend year 0, 20, and Ն1 examination) based on all 5115 participants as weights to compute point estimates and bootstrapping to calculate 95% CIs. All analyses used SAS software, version 9.1 (Research Triangle Institute).
Results

Baseline Characteristics and Their 20-Year Change by Site
Minneapolis had fewer black participants (35%) than Birmingham (53%), Chicago, (46%), or Oakland (51%; Table   Table 1 Change year 0 to year 20 is the difference between the value (percentage or mean) of the characteristic in year 20 minus the value of the characteristic in year 0. †Elevated uric acid: Ն7 mg/dL for men and Ն6 mg/dL for women. ‡Heavy alcohol: Ͼ14 drinks per week (men) and Ͼ7 drinks per week (women). §Sum of 4 carotenoids indicates sum of serum concentrations of ␣-carotene, ␤-carotene, lutein/zeaxanthin, and cryptoxanthin. Change in sum of four carotenoids is change from years 0 to 15.
An a priori dietary pattern score was created by classifying 46 food groups as beneficial (nϭ20), adverse (nϭ13), or neutral (nϭ13). Food groups considered beneficial or adverse were categorized by increasing consumption level with scores of 0 to 4 (for food groups considered beneficial) or 4 to 0 (for food groups considered adverse). The a priori dietary pattern score was the sum of category scores, with a theoretical maximum of 132. 
1). BMI increases were similar in Birmingham and
Baseline Characteristics and Their 20-Year
Change by Race-Sex BMI increases were higher in black women and lower in whites versus black men (Table 2) . Mean heart rate increased in black men but decreased in black women and whites.
Cigarette smoking decreased less in black men than in other groups. Elevated uric acid prevalence increased in blacks but decreased in whites. Compared with black men, physical activity decreased less in women, carotenoid scores increased more in whites, and dietary scores decreased less in black women. Systolic and diastolic BP increases were higher in black women (10/8 mm Hg) and men (7/6 mm Hg) than in white women (4/1 mm Hg) or men (2/1 mm Hg).
Cumulative 20-Year Hypertension Incidence Before Adjustment
Cumulative 20-year hypertension incidence was 25.7% overall. Participants in Birmingham had greater incident hypertension (33.6%) than Chicago (23.4%; PϽ0.001), Minneapolis (19%; PϽ0.001), or Oakland (27.4%; Pϭ0.002; Figure  1 ). Twenty-year hypertension incidence was higher among black men (34.5%) and black women (37.6%; Pϭ0.045) Figure 2 ). By year 10, Birmingham and Oakland had higher hypertension incidence than Chicago or Minneapolis (Figure 1 ). From years 10 through 20, hypertension incidence increased more rapidly in Birmingham than in Oakland. Geographic differences in hypertension incidence were evident by year 10 for blacks and white men and year 15 for white women (Figure 3 ; numeric data are available in a supplement, available online at http://hyper.ahajournals.org).
Effect of Adjustment for Hypertension Risk Factors
After adjustment for covariate baseline values and demographics, Birmingham participants had a higher risk of hypertension incidence than those in Chicago or Minneapolis (Table 3 , model B). Black men had higher risk than white men or white women but had similar risk to black women. After additional adjustment for baseline systolic BP, risk of hypertension remained lower in Chicago and Minneapolis and became lower in Oakland (Table 3 , model C). Risk of hypertension remained lower in whites but became higher in black women versus black men (Table 3 , model C). Adjustment for baseline diastolic BP did not change results (data not shown). There was no significant systolic BPϫrace-sex interaction in model C (Pϭ0.36).
Geographic and racial differences in risk of hypertension did not change in models with time-varying covariates (Table  3 , models D and E). Within race-sex groups, risk of incident hypertension was higher in Birmingham, but some geographic contrasts were no longer statistically significant (see online supplement). Additional adjustment for carotenoids, dietary pattern score, or log-transformed fasting insulin did not change geographic or racial contrasts (data not shown). After full adjustment, there was evidence of a significant race-sexϫtime interaction (PϽ0.0001 for interaction term), suggesting that the race-sex differences in cumulative hypertension incidence (Figure 2 ) changed significantly over time, even after controlling for variables in model E. By examining the specific race-sex groupϫtime interaction terms, we see that hypertension incidence changed over time for black or white women but not white men compared with black men (PϽ0.0001 for black womenϫtime; Pϭ0.46 for white menϫtime; Pϭ0.03 for white womenϫtime; black men referent). However, there were no significant siteϫtime interactions in models performed with the overall cohort or within race-sex groups, suggesting that the geographic differences in cumulative hypertension incidence (Figures 1 and  3) did not expand or narrow over time, even after controlling for variables in model E. After adjusting for urine sodium/ potassium ratio in the subsample, geographic and racial differences persisted, but some racial contrasts were no longer statistically significant (see online supplement). Urine sodium/potassium had a significant interaction with site (Pϭ0.03) but not race-sex (Pϭ0.39).
Sensitivity Analyses
Cumulative 20-year hypertension incidence estimates were lower if participants were not required to attend the year-20 examination, but geographic differences were similar (see online supplement). The magnitude of differences between cumulative 20-year hypertension incidence among CARDIA participants who did and did not attend the year-20 examination were greatest for blacks, particularly those in nonBirmingham sites. Excluded participants were more likely than included participants to be current smokers, obese, to have Յhigh school education, elevated uric acid, higher fasting insulin levels, lower dietary pattern and carotenoid scores, and higher systolic and diastolic BP. Analyses assessing the effects of nonresponse bias yielded similar results. Geographic and racial variations in risk of elevated BP incidence (systolic BP Ն130 mm Hg, diastolic BP Ն85 mm Hg, or on antihypertensive medication) were comparable, except reduced in black women (see online supplement).
Discussion
We observed large differences in 20-year hypertension incidence across 4 US urban areas, with 30% to 40% lower incidence in Chicago or Minneapolis compared with Birmingham. These differences were observed in blacks and whites, in men and women, and persisted after adjustment for major hypertension risk factors. Independent of geography and hypertension risk factors, blacks, particularly black women, had significantly higher rates of 20-year hypertension incidence. As hypertension incidence increased over 
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time, racial differences also increased, whereas geographic differences persisted. Although some 7, 12, 13 but not all 14 studies have shown greater hypertension prevalence or elevated BP incidence in the southeastern United States, few studies have assessed geographic differences in hypertension incidence over prolonged time periods. In one National Health and Nutrition Examination Surveys (NHANES I) analysis, region was not associated with incident hypertension between 1971 and 1984 for 14 235 adults 25 to 74 years of age, perhaps because of higher death rate, survival bias, masking of important geographic differences within the 4 large US census regions studied, and adjustment for diabetes, which may be on the causal pathway. 14 Among younger adults, we found that differences in 20-year hypertension incidence between US cities were not fully accounted for by sociodemographic, behavioral, familial, and clinical correlates. Our findings are consistent with some 26 -28 but not all research 17 showing geographic differences in BP, even after adjusting for risk factors.
Potential causes of geographic differences in hypertension incidence include socioeconomic factors not captured by adjustment for education, 29 dietary or lifestyle factors, 30 -32 or environmental-gene interactions. 32 Our finding of a significant urine sodium/potassiumϫsite interaction suggests that dietary sodium and potassium intake may modify the association between geography and hypertension incidence with greater effect in Minneapolis and Chicago; however, urine sodium/potassium was measured at year 5 only, and the numbers in this subsample are small. Environmental exposures including air temperature 33 and particulate air pollution 34 may contribute to geographic differences with effect modification by obesity and genotypic or phenotypic indicators of systemic inflammation and oxidative stress. 35 Given that geographic variations in BP appear at young ages, 13, 27 differences in exposure to these or other potential risk factors may occur in early life.
Similar to some 17 but not all 18 research, we observed marked racial differences in hypertension incidence between US blacks and whites at middle age, in men and women, and after adjusting for major hypertension risk factors. A Baltimore, Md, study (nϭ377; mean age 44 years) may not have found racial differences because the participants had relatively high socioeconomic status, a factor associated with lower hypertension risk, 29 most blacks were female (72%), most whites were male (73%), and follow-up was only 7 years. 18 Our finding of some nonsignificant racial contrasts after adjusting for urine sodium/potassium in the substudy may be attributable to decreased power or may reflect a true attenuation of the association between race-sex and hypertension incidence by dietary sodium and potassium intake. In addition, we found that black women had higher hypertension incidence after adjusting for baseline systolic BP; this masking of race-sex differences in hypertension by risk factors is consistent with prior research. 36 Racial differences in hypertension incidence may result from racial differences in sympathetic reactivity to stress, 37 salt sensitivity, 37 cumulative effects of psychosocial factors and stress, 38 responsiveness of the renin-angiotensin-aldosterone system, 39 dietary or lifestyle factors, 40 or environmentalgene interactions. 41 We found striking BP increases in blacks compared with whites, and in women compared with men, changes supported by previous studies. 18, 29 Given recent research showing that among participants 7 to 16 years of age, boys had a greater increase in BP over 15 years than girls, 41 our results suggest that sex trajectories in BP may vary from adolescence to young adulthood. Moreover, our observed race-sex trajectories in hypertension incidence may continue into middle age, more so in disadvantaged subgroups. 29 Our cohort includes 4 urban areas only, and we used the baseline recruitment site for geographic assignment. Analyses including participants (80%) residing within 50 miles of their baseline recruitment site at year 20 produced similar results. Although the method for BP measurement changed from year 15 to year 20, results of analyses for cumulative 15-year hypertension incidence were similar. Despite high retention of the cohort, incomplete follow-up may bias our results; reassuringly, analyses that did not require the year-20 examination or that adjusted for the probability of missing variables did not change our results significantly. Although excluded participants had higher prevalence of hypertension risk factors than included participants, hypertension incidence was similar or lower in analyses that included many of the excluded participants (see online supplement).
Geographic variations in hypertension management or antihypertension medication use could contribute to our observed differences; however, we focus on incident hypertension, thus our differences would have to be influenced by medical management preceding the diagnosis of hypertension. Further, geographic variations in antihypertensive medication use did not change results in a previous CARDIA analysis. 13 Some factors (eg, lifestyle and family history) were self-reported and subject to recall bias. Although BMI may predict hypertension less than measures of central obesity, we obtained similar results when we replaced BMI with waist circumference in models. Importantly, our lifestyle measures may not capture lifestyle factors adequately given that we observed site differences in diet and physical activity, but these factors did not explain variations in hypertension incidence. Moreover, our findings of robust associations between hypertension incidence and physical activity or BMI in fully adjusted models confirm that exercise and weight Given that we do not fully understand the mechanisms of the demographic and racial differences we demonstrated, action-oriented recommendations based on our findings may be premature. Other large epidemiological studies 42, 43 are contributing to our understanding of the pattern of end-organ damage attributable to hypertension in older populations as mechanistic studies 40, 44 of pathophysiology are being actively pursued. In the meantime, we believe that the groups known to be at highest risk of hypertension (eg, black women in the southeast) need especially high surveillance and aggressive management of known hypertension risk factors, such as obesity and physical inactivity.
Perspectives
We found that hypertension incidence between young adulthood and middle age varies significantly across 4 urban areas and race-sex, with higher rates in the southeast and in blacks, especially black women. Geography and demography have strong, independent effects that persist after adjustment for many hypertension risk factors. Our findings suggest that hypertension incidence may contribute to geographic and racial differences in CVD mortality including stroke. Potential biological, environmental, and genetic mechanisms of these findings warrant further investigation.
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